The intermittent nature of renewable energy sources, such as solar and wind, calls for sustainable electrical energy storage (EES) technologies for stationary applications. Li will be simply too rare for Li-ion batteries (LIBs) to be used for large-scale storage purposes. In contrast, Na-ion batteries (NIBs) are highly promising to meet the demand of grid-level storage because Na is truly earth abundant and ubiquitous around the globe. Furthermore, NIBs share a similar rockingchair operation mechanism with LIBs, which potentially provides high reversibility and long cycling life. It would be most efficient to transfer knowledge learned on LIBs during the last three decades to the development of NIBs. Following this logic, rapid progress has been made in NIB cathode materials, where layered metal oxides and polyanionic compounds exhibit encouraging results. On the anode side, pure graphite as the standard anode for LIBs can only form NaC 64 in NIBs if solvent co-intercalation does not occur due to the unfavorable thermodynamics. In fact, it was the utilization of a carbon anode in LIBs that enabled the commercial successes. Anodes of metal-ion batteries determine key characteristics, such as safety and cycling life; thus, it is indispensable to identify suitable anode materials for NIBs. In this Account, we review recent development on anode materials for NIBs. Due to the limited space, we will mainly discuss carbon-based and alloy-based anodes and highlight progress made in our groups in this field. We first present what is known about the failure mechanism of graphite anode in NIBs. We then go on to discuss studies on hard carbon anodes, alloy-type anodes, and organic anodes. Especially, the multiple functions of natural cellulose that is used as a low-cost carbon precursor for mass production and as a soft substrate for tin anodes are highlighted. The strategies of minimizing the surface area of carbon anodes for improving the first-cycle Coulombic efficiency are also outlined, where graphene oxide was employed as dehydration agent and 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) was used to unzip wood fiber. Furthermore, surface modification by atomic layer deposition technology is introduced, where we discover that a thin layer of Al 2 O 3 can function to encapsulate Sn nanoparticles, leading to a much enhanced cycling performance. We also highlight recent work about the phosphorene/graphene anode, which outperformed other anodes in terms of capacity. The aromatic organic anode is also studied as anode with very high initial sodiation capacity. Furthermore, electrochemical intercalation of Na ions into reduced graphene oxide is applied for fabricating transparent conductors, demonstrating the great feasibility of Na ion intercalation for optical applications.
INTRODUCTION
Over the past three decades, Li-ion batteries (LIBs) have achieved tremendous success as power sources for portable electronic devices and electric vehicles (EVs). However, technological improvement of LIBs cannot address the rarity of Li resources, which may lead to a risk that EVs powered by LIBs will no longer be affordable with their exhaustive usage. 1 Thus, it is critical to develop alternative battery technologies beyond LIBs based on earth abundant elements. One highly promising candidate is Na, which is adjacent to Li on the periodic table. It shares many similar alkali metal chemistries with Li and is very abundant and widely distributed. 1−3 The concept of Na-ion batteries (NIBs) is not new: they were investigated together with LIBs back in the 1980s; 4 however, by the early 1990s, the research community quickly lost interest in NIBs due to the lower energy density of NIBs and the advance of LIBs.
Recently, ambient-temperature NIBs have raised much attention again for grid-level applications considering the sustainability advantages of NIBs. Significant progress has been made for NIB cathodes by adapting the knowledge learned on LIBs. 5, 6 As for anode materials, graphite, the commercial anode for LIBs, does not function in NIBs due to its extremely low capacity. This can be alleviated with solvent co-intercalation, but such a method brings about its own set of challenges. 7 Therefore, numerous attempts have been made to find suitable anodes for NIBs.
Although there have been several review articles related to NIB anodes, 8−10 this Account aims to summarize recent progresses made in carbon based and alloy based anodes for NIBs, especially from our research groups. We will highlight high performance hard carbon anodes and new insights on the Na ion storage mechanism in hard carbon. We will then discuss alloying type anodes, such as tin (Sn) and phosphorus (P), which demonstrate some of the highest reported capacities but have their own unique set of challenges and solutions. Lastly, metal oxides, sulfides, and organic based anodes will be reviewed, albeit briefly due to the limited space.
CARBON ANODES
Carbon based anodes are leading candidates for LIBs due to their low potential, high capacity, abundance, and low cost. 11 For the same reasons, carbon anodes are also among the most promising choices for NIBs.
Graphitic Carbon
Li ions are readily inserted into graphite with a final stoichiometry of LiC 6 , which is equivalent to a capacity of 372 mA·h/g. However, only a small amount of Na atoms can be intercalated into graphite (Figure 1a) . 12, 13 This limited capacity can be explained from a thermodynamic perspective, which is associated with Na plating on the carbon surface before forming the graphite intercalation compounds (GICs).
14−16 For example, Grande et al. performed a density functional theory (DFT) study and calculated the binding energy between Li, Na, K, and graphene sheets, which showed that NaC 6 was the only intercalation compound that was not energetically favorable. 14 Furthermore, solvation energy plays a significant role in the feasibility of intercalation, though this has yet to be comprehensively studied.
Recently, Adelhelm et al. proposed a co-intercalation approach to form a Na−solvent−graphite ternary GIC anode for NIBs. 7 With use of a diglyme-based electrolyte, graphite exhibited a reversible capacity of ∼100 mA·h/g with a potential plateau at 0.6 V at 0.1 C (Figure 1b) . Such an unexpected capacity is due to a co-intercalation of diglyme solvated Na ions into graphite. Recently, Kang's group further developed an ether-based electrolyte for graphite anodes. 17 However, co-intercalation of solvents causes a high level of volume change, inherently limiting its practical application. Another approach to utilize graphitic carbons is to expand their interlayer distance. 18−20 For example, Wang's group reported an expanded graphite anode with an interlayer distance of 0.43 nm. 19 The as-obtained expanded graphite shows a high reversible capacity of ∼300 mA·h/g at 20 mA/g and a stable performance for 2000 cycles (Figure 1c) . By comparing various reduction conditions, Singh demonstrated that increasing order and decreasing interlayer spacing of reduced graphene oxide (RGO) lead to a poorer performance. 20 Recently, Mitlin and coworkers produced graphene-like materials from peat moss, which exhibited enlarged intergraphene spacing (0.388 nm) and promising Na ion storage properties. 21 Ji and co-workers also discovered that a narrower interlayer spacing of graphitizable carbon leaded to a lower capacity. 22 On the other hand, Na ion or Li ion intercalation can be used to tune the properties of two-dimensional (2D) materials. 23, 24 For example, Wang et al. reported that Li ion intercalation can effectively tune the structure and properties of MoS 2 . They demonstrated that lithiated MoS 2 exhibited an enhanced hydrogen evolution reaction activity. Inspired by this, for the first time, we have successfully applied the electrochemical intercalation of Na ions to build a transparent electrode. 25 As shown in Figure 1d , printed RGO films become much more transparent after intercalation of Na ions (from 36% to 79%). Meanwhile, the sheet resistance shows a 270 times decrease (from 83 000 to 311 Ω/sq), which is attributed to the enhancement of carrier density in RGO and better contact between RGO layers by Na ion intercalation.
Hard Carbon
Hard carbon, also known as non-graphitizable carbon, cannot be graphitized by thermal treatment. 11 In 2000, Stevens and Dahn demonstrated that glucose-derived hard carbon exhibits a desodiation capacity of ∼300 mA·h/g. 26, 27 Inspired by their pioneering work, there have been many reports on hard carbon anodes. 28−30 Luo et al. studied the impact of morphology on cycling performance of hard carbon, where carbon nanofibers derived from cellulose exhibited a stable capacity of 176 mA·h/g at 200 mA/g over 600 cycles (Figure 2a,b) . 31 Similar performance is also demonstrated in other one-dimensional (1D) hard carbon anodes. 32, 33 Note that it is still elusive whether the stable cycling is directly linked to the 1D morphology or the shorter ion diffusion distance and enhanced stress tolerance. Ji's group then studied the correlation between the open nanoporosity and the specific capacity of hard carbon anodes, where Bommier et al. found that increased surface area via CO 2 activation led to lower reversible capacity (Figure 2c,d ). 34 Furthermore, porous carbon anodes typically exhibit very low first-cycle Coulombic efficiency (FCCE), 35, 36 which is a serious issue. Noticeably, the low capacity and poor FCCE is caused by the more prominent formation of a solid electrolyte interphase (SEI) layer on the large surface area.
37,38 The results related to surface area motivated us to minimize the surface area of hard carbon anodes. Luo et al. employed GO as a 2D dehydration agent to prevent foaming during caramelization of sucrose, which extends the burnoff duration of sucrose caramel over a wider temperature range. 39 Accordingly, the specific surface area of the resulting carbon reduces from 137.2 to 5.4 m 2 /g, and the FCCE is improved from 74% to 83%. To increase FCCE, Hu's group discovered that pretreating cellulose fiber with 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) before thermal carbonization can reduce surface area from 586 to 126 m 2 /g. 40 This is made possible because TEMPO can unzip the cellulose fibers by oxidizing hydroxyl groups to carboxyl groups, thus loosening the hydrogen bond (Figure 2e ). After the paper-making process, the flat structure of ribbon-like TEMPO-treated fiber results in a much denser paper and leads to the lower surface area after carbonization. FCCE is greatly enhanced from 28% to 72%, and a stable cycling performance of 200 mA·h/g at 100 mA/g for 200 cycles is obtained.
It has been widely believed that Na ion storage in hard carbon follows the sequential intercalation into turbostratic nanodomains (TNs) and pore filling into the voids between TNs. 26 This model is known as the "card-house" model supported by experimental evidence; however, some recent experimental results showed discrepancies. For example, Cao et al. proposed that Na ion intercalation into the TNs of hollow carbon nanowires corresponds to the potential plateau at low potentials. 30 Moreover, ex situ XRD by both Komaba et al. and Mitlin et al. showed a reversible dilation and contraction of the TNs in the low voltage plateau. 21, 29, 41 Recently, Bommier et al. suggested that the storage mechanism may be three tiered, where the sloping capacity was assigned to defect sites, supported by ex situ total neutron scattering/associated pair distribution function (PDF) studies (Figure 2f) . 42 From galvanostatic intermittent titration technique (GITT), the authors observed a substantial increase in diffusivity at voltages close to Na metal plating, which breaks the plateau region down to two possible storage mechanisms. Certainly, further studies are demanded to fully understand the mechanisms of Na storage in hard carbon, particularly for the plateau region.
ALLOY ANODES
Alloy-type anodes are attractive for their high capacities in NIBs. However, the large volume change of alloy anodes upon electrochemical cycling may cause electrode pulverization, loss of contact with the current collector, and consequent capacity fading. 43 To tackle this problem, several strategies such as using smart substrates, fabricating nanostructures, and using special binder have been developed.
Tin
By forming Na 15 Sn 4 , Sn exhibits a high theoretical capacity of 847 mA·h/g. 44 In 2012, Huang et al. discovered that Sn initially forms the Na x Sn (x ≈ 0.5) phase, which converts to its final Na 15 Sn 4 structure. 45 With coupling with in situ transmission electron microscopy (TEM) technology, they proved that Na x Sn (x ≈ 0.5) and Na 15 Sn 4 correspond to 60% and 420% volumetric expansion (Figure 3a) . To overcome the impact of volume change, Wang et al. coated Sn onto three-dimensional (3D) current collectors with nickel nanofibers, which are later covered by carbon and greatly improved cycling (Figure 3b ). 46 Additionally, it has been suggested that optimizing binder or components plays a critical role in Sn based anodes. 47−49 For example, Sn 50 Ge 25 Sb 25 exhibits high capacity (833 mA·h/g at 85 mA/g), excellent rate capability (381 mA·h/g at 8500 mA/g), and stable cycling performance (662 mA·h/g after 50 cycles at 85 mA/g) (Figure 3c ). 49 For improving cycling performance of Sn anodes, Hu's group has contributed two new strategies. The first involves a hierarchical wood fiber substrate, which yields a stable cycling performance over 400 cycles. 50 With performing experiment and continuum chemomechanical modeling, we discovered that the soft texture of wood fiber can effectively buffer the mechanical stresses of Sn anode upon alloying/dealloying. In addition, the porous nature of the substrate functions as an electrolyte reservoir that enables dual ion transportation through the substrate (Figure 4 ). Aside from substrate selection, surface modification of Sn anode with an atomic layer deposition (ALD) Al 2 O 3 coating remarkably boosts the cycling performance. 51 With in situ TEM, we unveiled the dynamic mechanical protection of the ALD-Al 2 O 3 coating by coherently deforming with Sn nanoparticle under the huge volume changes upon alloying/dealloying. Chemomechanical simulations clearly showed that bare Sn nanoparticles become disconnected from the underlying substrate upon charging. By contrast, the ALDAl 2 O 3 coating acts as ion-conductive nanoglue and robustly anchors the Sn nanoparticle anode to the substrate, thereby effectively enhancing the cyclability ( Figure 5 ).
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Antimony
Yang et al. first reported an Sb/C composite by ball-milling commercially available Sb particles with carbon black. 52 After ball-milling, bulk Sb particles become fine Sb nanocrystalline particles embedded in the carbon matrix. Such an Sb/C composite structure shows a reversible capacity as high as 610 mA·h/g at 100 mA/g, close to the full formation of Na 3 Sb (660 mA·h/g, Figure 6a ). To further improve the rate capability and cycling performance of the Sb anode, designing and fabricating nanostructures 53−56 and optimizing electrode components 57−59 have been widely used (Figure 6b−e ). An interesting 1D peapodlike Sb@C structure with Sb sub-micrometer-particles encapsulated in carbon tubes has been developed by Luo et al. (Figure  6f ). 60 The authors hoped that the void spaces could help buffer the volume change of Sb during alloying/dealloying, yet this morphology was not quite effective.
To further understand the structural and compositional evolution of the Sb anode upon sodiation/desodiation, Mitlin et al. developed an in situ electrochemical cell in TEM combining it with ex situ time-of-flight, secondary-ion mass spectrometry (TOFSIMS) depth profiling, and focused ion beam (FIB)− helium ion scanning microscope (HIM) imaging technologies. 61 They discovered that heterogeneous sodiation of Sb occurred, which resulted in major stresses. Their findings could shed light on commercialized micrometer-scale Sb particulates, which provides guidance for practical applications.
Phosphorus
P exhibits a theoretical capacity of ∼2600 mA·h/g by forming Na 3 P. Lee et al. and Yang et al. reported P anodes in NIBs at the same time. 62, 63 They discovered that mechanical ball-milling of red P and carbon black at an optimized P/C ratio (7:3) leads to an amorphous P/C composite with great Na storage properties, including extremely high capacity (>2000 mA·h/g), excellent rate capability, and stable cycling performance (Figure 7a−c) . Later, carbon nanotubes (CNTs) 64 and graphene 65 were also introduced into P electrodes, which showed comparable performance to amorphous P/C composites. Most recently, Cui et al. demonstrated a black P/graphene nanostructure, where they fabricated a sandwich-structure comprising a few phosphorene layers alternating with several graphene layers (Figure 7d,e) . 66 This phosphorene/graphene structure delivers an extremely high capacity of 2440 mA·h/g at 50 mA/g and an 83% capacity retention for 100 cycles. They discovered that the graphene layers not only function as an electrical conductor but also serve as an elastic buffer for accommodating the volume expansion upon cycling.
Moreover, great progress has been achieved on other alloy anodes, including Ge 67, 68 and Bi. 69 However, compared with Sn, Sb, or P, they are less promising due to the lower capacity or high cost. Furthermore, alloys or compounds also exhibit great performance. 49, 70 Among them, facile ball-milling of Sn and P can result in an attractive NIB anode of Sn 4 P 3 .
71−73
OTHER ANODES (METAL OXIDES/SULFIDES, ORGANIC MATERIALS)
Recently, many other anodes have also appeared, such as metal oxides, metal sulfides, and organic anodes. Previous reviews have covered these anode materials; thus, we briefly introduce several typical materials here. 1, 8, 9 Among metal oxides, TiO 2 is of considerable importance due to its promising performance, abundance, and low cost. 74 Recently, Chen et al. reported a TiO 2 /graphene anode. 75 They demonstrated that pseudocapacitance occurred during Na ion intercalation, which enables highrate capability (>90 mA·h/g at 36 C) and great stability over 4300 cycles (Figure 8a ). Metal sulfides have also drawn great attention, 76−78 especially MoS 2 . 79, 80 To understand the evolving structural changes and the formation of SEI on MoS 2 , Lacey et al. fabricated a microscale planar battery combined with an in situ atomic force microscopy (AFM) (Figure 8b) . 81 We, for the first time, observed that a wrinkling behavior of mechanically exfoliated MoS 2 flakes occurs upon sodiation at 0.4 V, and the SEI forms quickly before the intercalation of Na ions. Moreover, AFM measurements suggested that the thickness of SEI on MoS 2 electrode is about 20.4 nm ± 10.9 nm. Among various MoS 2 electrodes, electrospun MoS 2 nanofibers show great promise. 82, 83 For example, Yu et al. prepared an interesting structure of embedding single-layered MoS 2 nanoplates in carbon nanofibers, which delivers a high reversible Na ion storage capacity of 854 mA·h/g (Figure 8c,d) . 82 Additionally, organic materials have also been investigated as anodes for NIBs due to their low cost, designability, and recyclability. 84−86 Most recently, Luo et al. discovered that unmodified 3,4,9,10-perylene-tetracarboxylicacid-dianhydride (PTCDA) can deliver a significant Na ion storage capacity. 87 During sodiation of PTCDA, Na 15 PTCDA with a high sodiation capacity of 1017 mA·h/g can be formed (Figure 8e ).
CONCLUSIONS
In this Account, we mainly surveyed recent developments on carbon-based and alloy-based anodes for NIBs. Progress has been made on minimizing the surface area of hard carbon anodes for a higher FCCE. New insights on Na ion storage mechanism in hard carbon have also been proposed. Mixing alloy-type materials with carbon by mechanical ball milling provides a simple and effective strategy to produce high capacity anodes. Our soft substrate and ALD surface modification for tin anode open a new mind for this direction. Moreover, advanced characterization technologies, such as in situ TEM and in situ AFM have been conducted to investigate the fundamental electrochemistry for NIBs. Furthermore, Na ion intercalation has also been applied to fabricate transparent electrodes.
In summary, significant progress has been realized in the past few years for NIB anodes, but it is still in its early stage. In the short term, hard carbon may be the best choice for mass production of NIBs. High capacity anodes, such as alloying anodes, show great promise in the near future. Moreover, a Na metal anode may become the next research focus.
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